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Introduction
Organism size is a key factor in food-web dynamics. Consumers tend to ingest organisms 1 order of magnitude smaller than themselves [Cohen et al., 1993; Sheldon et al., 1972] . Meta-analysis of feeding linkages across a range of terrestrial and marine habitats shows that in 90% of cases predators are larger than prey [Barnes et al., 2010; Cohen et al., 1993] . The size structure of phytoplankton communities is therefore expected to be a key property of pelagic food webs. Phytoplankton length and volumetric size span a range of 4 and 9 orders of magnitude, respectively [Finkel et al., 2010] . They can be broadly ordered into three size classes: pico (<2 mm), nano (2-20 mm), and micro (20-200 mm) [Azam et al., 1983] . The picophytoplankton is considered to be too small to be effectively grazed by most metazoans [Fortier et al., 1994] , including copepods, the oceans dominant zooplankton grazers and the major pathway for primary production to higher trophic levels [Legendre and Rassoulzadegen, 1995; Ryther, 1969] . In picophytoplankton-dominated systems, it has been estimated that 50% of the autotrophic energy that enters the ''copepod pathway'' does so via feeding on intermediary microzooplankton grazers, including heterotrophic flagellates and ciliates [Calbet and Landry, 1999; Calbet and Saiz, 2005; Sommer et al., 2002] . Conversely, the nanophytoplankton and microphytoplankton size classes are accessible to zooplankton grazers and in systems where these phytoplankton groups dominate 75% of the energy entering the ''copepod pathway'' is estimated to occur via direct phytoplankton herbivory [Calbet and Saiz, 2005] .
The size structure of phytoplankton communities therefore has implications for food chain length and, following the rules of ecological efficiency, the energy transfer efficiency to zooplankton [Sommer et al., 2002] . Specifically, a gradient of low to high transfer efficiency is expected with an increasing contribution of larger phytoplankton size classes. Globally, picophytoplankton dominate in oligotrophic regions and nutrient-rich regions that are light and/or iron limited, while microphytoplankton dominate in naturally eutrophic (nutrient-rich) regions [Kiorboe, 1993; Uitz et al., 2010] . Consequently, phytoplankton size composition has significant implications for regional differences in food-web structure. It is also an important consideration in the context of long-term change as enhanced stratification and decreased nutrient supply to the photic zone, favoring picophytoplankton, is predicted with ongoing ocean warming [Ganachaud et al., 2013; Moran et al., 2010; Polovina et al., 2011] .
Our current understanding of the pathways and contributions of picophytoplankton, nanophytoplankton, and microphytoplankton size classes, and microzooplankton, to the zooplankton food web has largely been informed by experimental studies, including small volume incubations and mesocosms [Atkinson, 1996; Calbet and Landry, 2004; Calbet and Saiz, 2005; Fileman et al., 2014; Lewandowska and Sommer, 2010] . More recently, molecular analyses have opened up the possibility of highly resolved studies of zooplankton diet composition [Craig et al., 2014; Durbin and Casas, 2014] . In situ observations have largely been through predator-prey correlation [Boyce et al., 2015] , however, biochemical approaches provide a means to measure time-integrated consumption of phytoplankton groups by zooplankton. Fatty acid analyses have been used to determine grazing by zooplankton on phytoplankton groups [El-Sabaawi et al., 2009; Schukat et al., 2014] and size fractions [Escribano and P erez, 2010; Rossi et al., 2006] . Analysis of naturally occurring stable isotope ratios has been extensively applied to examine food-web linkages among consumers [Hobson and Welch, 1992; Wada et al., 1991] , however, due to sample size requirements, few studies have attempted to use this approach to resolve linkages between zooplankton and lower trophic levels. The studies that have measured the isotope ratios of pico-sized, nano-sized, and micro-sized particulates have demonstrated clear differences between size classes and the suitability of this approach to interpretation of plankton food-web dynamics [Im and Suh, 2016; Karsh et al., 2003; Rau et al., 1990; Rautio and Vincent, 2007; Tiselius and Fransson, 2016; Waite et al., 2007] . A caveat with the particulate size fractionation approach is that it does not separate the autotrophic and heterotrophic components of the measured size fractions. Recent research provides evidence that there may be little isotopic fractionation between phytoplankton and microzooplankton , in which case the isotope values of picoplankton, nanoplankton, and microplankton size fractions would be expected to largely reflect that of the autotrophic components. An advantage of the stable isotope approach is that, since the signatures of the zooplankton reflect assimilated prey biomass, with knowledge of consumer and particulate matter size fraction isotope values it is possible to estimate the relative contribution of these size fractions to zooplankton biomass [Phillips et al., 2014] .
The Mediterranean Sea is considered to be broadly oligotrophic, with a west to east gradient of decreasing phytoplankton biomass reflecting the gradient of available nutrients [D'Ortenzio and Ribera d'Alcal a, 2009].
Nanophytoplankton and picophytoplankton dominate the phytoplankton community with the exception of regions of nutrient enhancement where diatoms can make a large contribution to phytoplankton biomass [Marty et al., 2002; Siokou-Frangou et al., 2010] . One such region is the Liguro-Provencal Basin in the northwest Mediterranean [D'Ortenzio and Ribera d'Alcal a, 2009] . Here an annual spring phytoplankton bloom is observed, supported by deep winter convection that brings nutrients to the surface and stimulated by spring warming and stratification of the surface ocean [Estrada et al., 2014] . In 2013, the Deep Water formation Experiment (DEWEX) set out to improve understanding of the north-west Mediterranean Sea ecosystem and the relative functioning of the regions in and outside the deep convection zone. Two extensive biooceanographic surveys were completed in winter and spring. We used this research platform to investigate the seasonal development of the zooplankton food-web dynamics in contrasting regions of high and low productivity, with high and low microphytoplankton biomass, respectively. Using stable isotope analysis and a mixing model approach, we specifically aimed to determine the relative contributions of picoplankton, nanoplankton, and microplankton to zooplankton biomass in these contrasting trophic regimes.
Materials and Methods

Field Program
The two DEWEX cruises were conducted onboard the R/V Le Suroît in 2013, from 3 to 21 February during the winter deep convection period, and from 5 to 24 April during the spring bloom. A star-shaped survey grid sampling the cyclonic circulation of the basin was employed, comprising 76 stations on Leg 1 and 100 stations on Leg 2 (Figure 1) . 2.1.1. Environmental Data A CTD (SeaBird Electronics' 9111 technology) mounted on a 12 bottle rosette (12L Niskin bottles) was deployed at each station. Fluorescence profiles were measured using a Chelsea fluorometer. Discrete depth water samples were collected though the water column (5 depths < 100 m) for analysis of nutrients (nitrate 1 nitrite, silicate, and phosphate), phytoplankton pigment concentrations, and for microscopic analysis of nanoflagellate, dinoflagellate, and microzooplankton concentrations. Phytoplankton pigment analysis was through high-performance liquid chromatography (HPLC), the procedure for which is described in detail in Mayot et al. [2017] . The chlorophyll a biomass (lg L 21 ) associated with the microphytoplankton, nanophytoplankton, and picophytoplankton size classes was estimated through multiple regression using seven diagnostic pigments as predictors, following Uitz et al. [2006] .
Zooplankton Sampling
Zooplankton sampling was conducted at night using a 70 cm Bongo net fitted with 64 and 120 lm mesh (sample locations are illustrated on the map in Figure 1 ). At each zooplankton station, two vertical net hauls were completed between 250 m and the surface, with a hauling speed of 1 m s 21 . No flowmeter was used and sampled volume was calculated as a product of the net diameter and net depth (i.e., 0.38 m 2 3 250 m 5 95 m 3 ), assuming that the net sampled with 100% efficiency. For this study, only the 64 lm mesh samples were used. The first net haul was preserved in a 10% formalin-seawater solution for taxonomic analysis. The second net haul was size fractionated by sieving through a sieve column comprising 4000, 2000, 1000, 500, 250, 125, and 64 lm mesh sieves. With the exception of the 4000 mm sieve, the contents of each sieve were washed into separate beakers using a spray bottle filled with 0.7 mm filtered seawater. Subsequently, the contents of each beaker were filtered onto precombusted 47 mm GF/F filters and frozen at 2208C for stable isotope analysis. Organisms in the 4000 mm sieve fraction were, separated into orders, measured to the nearest mm, and stored in Eppendorf tubes at 2208C for stable isotope analysis.
Particulate Organic Matter (POM) Sampling
Size fractionated POM samples were collected at select stations for stable isotope analysis. Four stations were sampled on Leg 1, and 11 stations on Leg 2 (5 in the convection zone and 6 outside the convection zone). At each POM station, 20 L of water was collected from the chlorophyll a maximum identified from the fluorescence signal of the CTD downcast. When no chlorophyll a maximum was discernable then the water for POM was collected from 20 m depth. The water was prescreened through a 64 mm sieve and then serial filtered at a pressure of 0.2 bar through a 47 mm 20 mm nitex filter, 142 mm 2 mm polycarbonate filter, and a 47 mm precombusted GF/F filter (0.7 mm). The contents of the 20 and 2 mm filters were gently washed into separate beakers using a spray bottle filled with 0.7 mm filtered seawater. Subsequently, the contents of each beaker were filtered onto separate precombusted 47 mm GF/F filters. Precombustion of GF/F filters was at 4508C for 4 h. Samples were stored frozen at 2208C for stable isotope analysis.
Laboratory Processing 2.2.1. Zooplankton Taxonomic Identification
Formalin-preserved samples were used for taxonomic analysis of the zooplankton community. Analysis was performed under a stereo microscope, from a 1/8 to 1/16 fraction of each sample. Specimens were identified to the level of order and enumerated. An average of 960 individuals was counted per sample and we estimated an enumeration error of 6.4% [Gifford and Caron, 2000] . The category copepod nauplii comprised a mix of calanoid, cyclopoid, and poecilostomatoid copepods. Counts were converted to densities expressed as individuals m 23 .
Stable Isotope Analysis
POM and zooplankton samples for stable isotope analysis were first dried at 508C for 48 h. Zooplankton samples were weighed to the nearest 0.01 mg using a microbalance and values converted to mg Dry Weight (DW) m 23 . Zooplankton were subsequently removed from the GF/F filter, homogenized using a mortar and pestle, and 1 mg subsamples packaged into tin cups. The surface of POM filters was peeled and packaged directly into tin cups. Stable isotope analysis of the POM and zooplankton samples was performed at the IsoEnvironmental Laboratory (http://www.isoenviron.co.za/), Rhodes University, South Africa, with a Europa Scientific 20-20 isotope ratio mass spectrometer (IRMS) linked to a preparation unit (ANCA SL). Casein and a mixture of beet sugar and ammonium sulphate were used as internal standards and were calibrated against the International Atomic Energy Agency (IAEA) standards CH-6 and N-1) and the IRMS certified reference material EMA-P2 (see Certificate BN/132357). 
Statistical Analysis
Surface plots of physical, chemical, and biological data averaged through the upper 100 m of the water column were generated for each DEWEX leg ( Figure 1 ). Variance in parameters among zooplankton stations in winter, the spring deep convection zone (northern stations with chl a biomass > 0.8 mg m 23 -hereafter Spring High Biomass, i.e., SpringHB), and spring stations outside the convection zone (southern stations with chl a biomass < 0.8 mg m 23 -hereafter Spring Low Biomass, i.e., SpringLB) was tested using ANOVA.
Nanoflagellate, dinoflagellate, and microzooplankton densities and zooplankton biomass were log transformed prior to analysis. Where significant differences were detected a post hoc Tukey HSD test was run to test for differences among regions.
A sample by taxon matrix was created using taxon specific densities. Densities were log 10 (x 1 1) transformed and the percentage similarity between stations from all surveys was calculated using the Bray-Curtis similarity index [Field et al., 1982] . The similarity matrix was then ordinated using nonmetric multidimensional scaling (NMDS), summarizing between sample variation in community composition into two dimensions. These multivariate analyses were performed using PRIMER 6 [Clarke and Warwick, 2001 ]. The NMDS ordination had a stress value of 0.16.
The percent contribution of POM to zooplankton size classes was estimated using a Bayesian mixing model framework [Parnell et al., 2013] 
Results
Environmental Conditions
The impact of winter convection in the central Liguro-Provencal Basin was clearly evident in the distribution of high salinity and high nutrient concentrations in the upper 100 m of the water column, indicative of deep water ( Figure 1a and Table 1 ). Winter temperature was comparatively homogenous across the survey area reflecting the dual effects of surface cooling and convection, and phytoplankton biomass was uniformly low. Conditions changed quite markedly in the spring. The convection zone retained high salinity and relatively high nutrients, although the latter were depleted relative to winter levels due to an extensive phytoplankton bloom, evident in the high phytoplankton (chl a) biomass in that region (Figure 1b ). Phytoplankton biomass was significantly higher in SpringHB stations, which corresponded with the convection a Differences between regions were tested using ANOVA and Tukey post hoc test. Significant differences between regions are indicated by different letters. Two winter and one
SpringHB had no ancillary environmental data and these were excluded from the analysis.
zone, than in winter and the SpringLB stations, outside the convection zone (Table 1) . Phytoplankton biomass did not differ significantly between winter and SpringLB stations. Microphytoplankton and nanophytoplankton were the major contributors to the high phytoplankton biomass in SpringHB and nanophytoplankton biomass was elevated in SpringLB (Table 1 and Figure 2 ). Although densities of nanoflagellates, dinoflagellates, and microzooplankton did not differ significantly between regions, nanoflagellates densities were an order of magnitude higher in spring, dinoflagellates occurred at high densities in SpringLB, and microzooplankton densities were highest in SpringHB (Table 1) .
Zooplankton Composition
The NMDS ordination identified distinct zooplankton community composition in Winter, SpringHB, and SpringLB ( Figure 3 ). Similarities within these three station groupings were high (>77%) (supporting information Tables S1.1-S1.3). The winter stations had >24% dissimilarity to the two spring surveys, while dissimilarity between the two spring station groupings was 22% and there was slight overlap at the edges of their respective ordination space. In all cases, differences between station groupings were largely attributed to variation in the abundance of key groups (supporting information Table S1.4).
Overall calanoid copepods were the most abundant group in all regions, followed by cyclopoid and poecilostomatoid copepods. The contribution of taxonomic groups varied between size classes. The 64 lm size class was dominated by copepod nauplii (Figure 4) . The 125 lm size class had a large proportion of copepod nauplii, particularly in SpringHB, and cyclopoid, poecilostomatoid, and calanoid copepods were also important. The 250-1000 lm size classes were composed primarily of calanoid copepods. Euphausiids made a relatively important contribution to the 1000 lm size class in SpringLB. During winter, the ''other'' category, comprising primarily hydromedusae, siphonophores, and chaetognaths, made a large contribution to the 2000 lm size fraction, with a low contribution from calanoid and euphausiids. The ''other'' group also made a large contribution to the 4000 lm size fraction during winter along with euphausiids. In SpringHB stations, the 2000 lm size fraction composition was similar to that in winter, while the 4000 lm fraction was dominated by tunicates, followed by ''other'' and euphausiids. Tunicates were the most abundant group in the 2000 and 4000 lm fractions in SpringLB stations. Average total station zooplankton abundance did not differ significantly between regions (Table 1 ). The abundance distribution of zooplankton across size classes was dominated by the 64 and 125 lm size classes in the winter ( Figure 5 ). In the spring, the abundance of the 250 lm increased in both SpringHB and SpringLB. Abundance was comparatively low in size classes >250 lm during both winter and spring. Average total zooplankton biomass was significantly higher in SpringHB and SpringLB than in winter (Table 1) . Zooplankton biomass was evenly distributed across size classes in the winter while in the spring biomass peaked in the 250 lm size class and was elevated in the 500 and 1000 lm size classes ( Figure 5 ). Figure 6 ). In all regions, the range of POM values exceeded that of the zooplankton, and the average value of the 20 lm fraction (5.82&) was higher than that of the highest average size fraction value in the zooplankton (3.96& for euphausiids in SpringLB). Average 
Stable Isotope Composition of POM and Zooplankton
Mixing Model Outputs
Biplots illustrating the distribution of POM size fraction values relative to zooplankton consumer groups are provided in supporting information Figure S2 . The mixing model estimated that in winter the pico-POM contributed 28.4%, the nano-POM 58.3%, and the micro-POM 14.9% on average to zooplankton biomass (Figure 7 ). These contributions were consistent across size classes. Correlations between contributions for pairs of potential food sources (POM size fractions) are presented in supporting information Figure S2 . Large negative correlations indicate that food sources are difficult to distinguish. In the winter, the highest negative correlations (>-0.8) were observed between pico-POM and nano-POM with respect to the 2000 and 4000 lm zooplankton size classes (supporting information Figure S2 .1).
In the spring, the contributions of pico-POM, nano-POM, and micro-POM differed markedly between SpringLB and SpringHB ( Figure 7 ). In SpringHB, pico-POM contributed 40.3%, the nano-POM 43.1%, and the micro-POM 20.1% on average to zooplankton biomass. The contribution of pico-POM was highest in the 64 lm zooplankton size class (57%) and decreased with increasing size class. Conversely, the nano-POM contribution increased with increasing zooplankton size class, with a maximum for euphausiids of 68.9%. High negative correlations (>-0.8) were observed between pico-POM and nano-POM size fractions for the 2000 lm zooplankton size class and euphausiids (supporting information Figure S2 .2).
In SpringLB, pico-POM contributed 64.1%, nano-POM 27.7%, and micro-POM 10.4% on average to zooplankton biomass. The contribution of nanoplankton was highest in the >1000 lm size class (ave. 5 33%). Negative correlations of >-0.9 were observed between pico-POM and nano-POM size classes for model runs for all eight zooplankton groups, indicating that the relative contributions of these two groups were not well resolved. 
Discussion
The Plankton Food-Web Structure
The 2013 DEWEX program coincided with a winter of exceptionally deep convection in the LiguroProvencal Basin, the physics of which are described in detail elsewhere [Houpert et al., 2016] . Phytoplankton biomass was uniformly low during the winter survey with equal contributions of picophytoplankton, nanophytoplankton, and microphytoplankton biomass. By the time of the spring survey, a bloom was in progress in the deep convection zone, attributed to high productivity of both nanophytoplankton and the diatom dominated microphytoplankton size class [Mayot et al., 2017] . Conversely, outside the convection zone, spring phytoplankton biomass was weakly elevated and dominated by nanophytoplankton. The spring phytoplankton community composition could therefore be divided between stations with characteristics of eutrophic temperate systems (high biomass/high microphytoplankton), and stations more typical of oligotrophic systems (low biomass/low microphytoplankton) [Kiorboe, 1993] . The winter to spring transition period therefore provided an excellent case study for testing the relative contributions of picophytoplankton, nanophytoplankton, and microplankton to zooplankton biomass under contrasting trophic regimes.
The zooplankton community taxonomic composition is discussed in detail in Donoso et al. [2017] . That study found that copepods contributed 95% to total zooplankton abundance. Our size fractionated analysis confirmed the high dominance of copepods in the 64-1000 lm size fractions, while in the 2000 lm fractions euphausiids, gelatinous predators, and tunicates were important contributors. The smallest zooplankton size classes (64-250 lm) were the largest contributors to total abundance. A substantial increase in the densities of the 250 lm size class between winter and spring, also apparent in the biomass data, reflected enhanced spring secondary production. A similar increase was also observed in the biomass of the calanoid dominated 500 and 1000 lm size classes. Total zooplankton biomass levels were significantly higher in the SpringHB and SpringLB zones than in winter but were highest in the SpringHB. In summary, the stations sampled during the two DEWEX surveys could be divided into three distinct trophic groupings:
(1) a winter food web with low phytoplankton biomass, with equal contributions of picophytoplankton, nanophytoplankton, and microphytoplankton, and low zooplankton biomass; (2) a low biomass spring food web located in the region outside the convection zone, not subject to deep nutrient renewal, with elevated nanophytoplankton but low microphytoplankton biomass and zooplankton biomass elevated relative to winter levels; and (3) the high nutrient high productivity convection zone, with high nanophytoplankton, microphytoplankton, and zooplankton biomass.
Stable Isotope Values of POM
A remarkable feature of the POM stable isotope data in this study was the substantial difference between size classes, increasing from the picofractions to microfractions. We measured a 4-6& difference in d 15 N between the pico-POM and micro-POM size fractions, which compares well with data from the Southern Ocean (4-6&) [Karsh et al., 2003 ], Sea of Japan (4-5&) [Im and Suh, 2016] , North Sea (1-2&) [Tiselius and Fransson, 2016] , and Mediterranean (1-6&) [Rau et al., 1990] . d
13
C also differed substantially between POM fractions (1.5-4.5&), though unlike d 15 N the highest values were always measured for the nanosize fraction.
Similarly, the differences observed in this study were within the range of data from the Sea of Japan (1.5-6&) [Im and Suh, 2016] , North Sea (1.5-2&) [Tiselius and Fransson, 2016] , and Mediterranean (3-6&) [Rau et al., 1990] . POM is a mixture of autotrophic and heterotrophic material and one possible explanation for the increased POM d values with increasing size is therefore heterotrophic enrichment of 15 N and 13 C. If this were the case one would expect a similar increase in d values for both carbon and nitrogen, yet this was not the case in this study. Observations of minimal isotopic fractionation between phytoplankton and microzooplankton provides further evidence that fractionation was not the driver of differences in POM size fraction isotope values . Karsh et al. [2003] measured an increase in d 15 N with POM size fractions despite all size fractions being dominated by autotrophs, suggesting that autotrophic processes were the cause of variations in POM d. These authors suggested that differences in the forms of nitrogen assimilated by phytoplankton groups may be an important contributing factor. Indeed, preferential uptake of ammonium and urea has been measured for picophytoplankton and nanophytoplankton size classes, accounting for 75% and 62% of their production, respectively [Probyn and Painting, 1985] . Ammonium has a lower d
15
N than nitrate and a higher fractionation factor [Pennock et al., 1996] .
Preferential uptake of ammonium is therefore the most likely explanation for the depleted 15 N in smaller phytoplankton size classes in our study.
Plankton Food-Web Linkages
The consistent difference in stable isotope ratios between pico-POM, nano-POM, and micro-POM size classes made them excellent candidates for mixing model analysis of their relative contributions to zooplankton biomass [Phillips et al., 2014] . Overall, model estimates of relative contributions largely reflected the variations in biomass of picophytoplankton, nanophytoplankton, and microphytoplankton biomass between the winter, SpringLB, and SpringHB zones. In the winter, nano-POM made the largest contribution to zooplankton biomass. In the spring, the high productivity SpringHB zone was characterized by the largest percent contribution of micro-POM to zooplankton biomass, while in the low productivity SpringLB region pico-POM was identified as the dominant contributor to the biomass of all zooplankton size classes. We combined zooplankton group composition (Figure 4 ) with the mixing model output (Figure 7 ) to summarize plankton food-web linkages for the three food-web scenarios in the Liguro-Provencal Basin outlined above (Figure 8 ). In the winter, micro-POM contributed an average of 15% to total zooplankton biomass. The contribution of pico-POM and nano-POM was consistent for all zooplankton size classes and averaged 28% for the former and 59% for the latter. Phytoplankton biomass in the SpringLB area did not differ significantly from winter levels and here pico-POM was estimated to have made an even larger contribution to total zooplankton biomass (62-68%). Nano-POM contributed an average of 28% and micro-POM 10% to zooplankton biomass. We caution that the model did not differentiate well between pico-POM and nano-POM in the SpringLB, leaving some uncertainty as to the relative contributions of these two size fractions. Compared to the SpringLB zone, there was a more even contribution to total zooplankton biomass by pico-POM (ave. 5 42%), nano-POM (ave. 5 42%), and micro-POM (ave. 5 20%) in the SpringHB area. The proportional contributions of POM Figure 8 . Relative contributions picoplankton, nanoplankton, and microplankton biomass to the biomass of three zooplankton size fractions in the Liguro-Provencal Basin in WINTER and SpringHB and SpringLB based on isotope mixing model outputs (see section 2 and Figure 7) . Arrows indicate the transfer of material between pico-POM, nano-POM, and micro-POM fractions and zooplankton size classes, and their thickness is proportional to relative contribution. Values of percentage contributions determined from the mixing model are located against the corresponding arrow. Winter was a period of low phytoplankton biomass across all size fractions; SpringHB is representative of the deep convection zone in the central basin with high nutrients and high phytoplankton biomass dominated by nanophytoplankton and microphytoplankton; and SpringLB is representative of the region outside the convection zone dominated by nanophytoplankton. Zooplankton size classes: 64-125 lm-copepods: nauplii, cyclopoid, and poecilostomatoid; 250-1000 lm-calanoid: copepods; >2000 lm-calanoid: copepods, euphausiids, tunicates, gelatinous predators, and amphipods.
size fractions to zooplankton biomass decreased with increasing zooplankton size for pico-POM, increased with increasing zooplankton size for nano-POM, and remained relatively constant across zooplankton size groups for micro-POM.
The estimated average pico-POM contributions to zooplankton in the low phytoplankton biomass winter and SpringLB zones were 28 and 64%, respectively. Although the nano-POM contribution may have been underestimated in the SpringLB, the pico-POM contribution in this zone was similar to the previously estimated 50% picophytoplankton contribution in oligotrophic systems [Calbet and Saiz, 2005] . Since picoplankton are too small to be effectively grazed by most metazoans [Fortier et al., 1994] , it is expected that the dominant pathway of picoplankton to the zooplankton is via the intermediary steps of nanoflagellates and ciliates [Christaki et al., 2001; Sommer et al., 2002] . Notably, nanoflagellate density was an order of magnitude higher in the SpringLB than the winter zone, and this functional group may have facilitated the higher transfer of picoplankton biomass to the zooplankton in the former. Similarly, high nanoflagellate biomass in the SpringHB area may have contributed to the relatively large contribution of pico-POM to zooplankton biomass in this zone, despite the high nanoplankton and microplankton biomass. Our estimated 42% pico-POM contribution in the SpringHB exceeded the previously suggested 25% for eutrophic systems [Calbet and Saiz, 2005] . It is likely that omnivorous feeding by the larger zooplankton size fractions on smaller zooplankton fractions and microzooplankton contributed to the transfer of picoplankton biomass. Although the contribution of micro-POM to zooplankton biomass was highest in the SpringHB, its maximum contribution was 29% in the 4000 lm zooplankton fraction, despite microphytoplankton making up 44% of the phytoplankton biomass in this zone. This finding indicated that a large part of the microphytoplankton biomass may have remained ungrazed during our study. This suggestion is supported by studies that have demonstrated selection against diatoms (which dominate the microphytoplankton size fraction) by zooplankton grazers [Atkinson, 1996; Kleppel et al., 1991] , in response to diatom structural defenses [Raven and Waite, 2004] , chemical defenses [Miralto et al., 1999] , and high silicate content [Liu et al., 2016] . The Si:N ratios of diatoms can increase both in response to grazing [Pondaven et al., 2007] and during bloom periods [Saito and Tsuda, 2003] and were therefore expected to have been higher in the SpringHB.
Conclusions
Stable isotopes provide a powerful tool for the analysis of the contribution of organic matter sources to food webs [Layman et al., 2012] . Here we have combined size structured stable isotope analysis of the plankton food web in the north-west Mediterranean with a Bayesian mixing model framework to estimate the relative contributions of picosize, nanosize, and microsize POM to zooplankton biomass during winter, and in contrasting high and low productivity spring conditions. Our findings support an important role for picoplankton in oligotrophic ecosystems. We estimated an average 64% contribution by this size class to zooplankton biomass in the spring low productivity region of the north-west Mediterranean in our study. Although the model did not differentiate well between pico-POM and nano-POM in the spring low productivity region, these reported values are in the range of previous estimates [Calbet and Saiz, 2005] . Significantly, the estimated contribution of picoplankton to zooplankton biomass in the high productivity spring region remained high, averaging 42% across zooplankton size classes. This has implications for concepts of zooplankton food-web structure, suggesting that the role of diatoms may at times be overestimated, and a greater importance for the microbial loop in eutrophic environments [Legendre and Rassoulzadegen, 1995] . Furthermore, high transfer of picoplankton to zooplankton has implications for the cycling of biomass within the photic zone and vertical flux pathways, with picoplankton potentially making a higher contribution to the latter than expected [Kiorboe, 1993] , via zooplankton fecal pellet production. What our stable isotope approach does not reveal is the detailed pathways of food-web sources to the zooplankton. Nanoheterotrophs likely play a significant role in linking the picoplankton to the zooplankton, pointing to the importance of complex lower trophic level interactions in mediating organic matter transfer [Legendre and Rassoulzadegen, 1995] . Resolving these pathways represents an important research avenue with respect to understanding the functioning of plankton food webs and their response to changing ocean conditions. Developments in compound specific isotope analysis [Bec et al., 2011; Larsen et al., 2013] and DNA-based dietary studies [Durbin and Casas, 2014] offer new approaches that may enable significant advancements in this field.
